Primary and secondary outcome measures:
Cox proportional hazard regression models were constructed using variables (demographic data, medical history, clinical features, biochemical results and ECG findings) recorded at baseline to identify variables associated with and predictive of cardiovascular events.
Results: Over 6.4 years, 639 (6.9%) participants experienced a cardiovascular event, and 244 (2.6%) cardiovascular death. While predictors of both outcomes included established risk factors such as existing cardiovascular disease, male gender, older age, current smoking status and higher low-density lipoprotein cholesterol, other variables such as reduced estimated glomerular filtration rate, previous thromboembolic disease, atrial fibrillation, higher urinary albumin/creatinine ratio and chronic obstructive pulmonary disease were also important predictors. Glycaemic measures were not predictive of cardiovascular events. c-Statistics for predicting cardiovascular events and cardiovascular death were 0.74 and 0.82, respectively. This compares with c-statistics for cardiovascular events and cardiovascular death of 0.65 and 0.71, respectively, using the classical Framingham risk factors of age, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, treatment for hypertension and smoking status.
ARTICLE SUMMARY Article focus
▪ Predictors of cardiovascular events have been intensively studied in general populations and in patients with diabetes but less well studied in those with impaired glucose tolerance (IGT). ▪ The Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) study is the largest trial yet conducted in those with biochemically confirmed IGT and major cardiovascular events were adjudicated endpoints, providing an opportunity to study the predictors of risk.
Key messages
▪ Predictors of cardiovascular events in IGT included established risk factors such as existing cardiovascular disease, male gender, older age, current smoking status and higher low-density lipoprotein cholesterol. ▪ Other variables such as reduced estimated glomerular filtration rate, previous thromboembolic disease, atrial fibrillation, higher urinary albumin/ creatinine ratio and chronic obstructive pulmonary disease were also important predictors. ▪ Glycaemic measures (glycated haemoglobin, fasting plasma and 2 h glucose) were not predictive of cardiovascular events.
Conclusions:
The most powerful independent predictors of cardiovascular events in IGT included both established risk factors and other variables excluding measures of glycaemia, allowing effective identification of high-risk individuals.
Individuals with impaired glucose tolerance (IGT) are at an elevated risk of cardiovascular events compared with normoglycaemic individuals. 1 2 Consequently, identification of cardiovascular risk factors in subjects with IGT, an increasingly common condition, 3 should improve risk prediction of cardiovascular events and help target interventions to reduce risk. Cardiovascular risk factors are already well established in general populations and in patients with diabetes. Algorithms to predict risk of future cardiovascular events in the general population commonly include classical risk factors such as older age, male sex, smoking, elevated blood pressure, dyslipidaemia, diabetes and family history of premature cardiovascular disease. 4 Recently, other factors such as microalbuminuria, glycated haemoglobin (HbA1c), atrial fibrillation, chronic kidney disease, lower-socioeconomic status, abdominal obesity and higher body mass index have been added to improve risk estimation. 5 Predictive models in subjects with established diabetes include these and additional variables like diabetes duration, anthropometric measures and presence and severity of microvascular complications. [6] [7] [8] [9] However, risk factors independently associated with cardiovascular events have not been studied in detail in IGT and little is known about the distribution of absolute risk of cardiovascular events in IGT.
The aims of this study were to identify independent predictors of two outcomes, namely a composite cardiovascular endpoint (cardiovascular death, non-fatal myocardial infarction and non-fatal stroke) and cardiovascular death, respectively, in individuals with IGT, to clarify the distribution of absolute risk of events in this population and to assess the use of cardiovascular risk-reducing therapies according to absolute risk categories using data from the Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) trial.
METHODS NAVIGATOR (ClinicalTrials.gov number, NCT00097786) was a double-blinded randomised clinical trial with a two-by-two factorial design which assessed the ability of two agents, nateglinide and valsartan, to respectively reduce major cardiovascular events and new-onset diabetes in participants with IGT. Details of the trial including the protocol, results and design were published previously. [10] [11] [12] In brief, a total of 9306 participants from 40 countries participated in the trial for a median of 6.4 years. Each participant was randomised to treatment with nateglinide or placebo plus valsartan or placebo, and participants received a lifestyle modification programme.
Participants
On the basis of general criteria including age and history of cardiovascular disease, possible research participants were asked to attend screening clinics to formally assess their potential enrolment. Men and women with IGT were eligible if they had one or more cardiovascular risk factors and were aged ≥55 years or if they had established cardiovascular disease and were aged ≥50 years. Inclusion and exclusion criteria are described in previous publications. [10] [11] [12] Potentially eligible subjects underwent an oral 75 g glucose tolerance test (OGTT) and IGT was defined as a 2 h postchallenge glucose value of 7.8-11.0 mmol/l (and fasting plasma glucose of 5.3-6.9 mmol/l). Subjects taking an ACE inhibitor for hypertension ( patients taking an ACE inhibitor for other conditions (coronary artery disease, left ventricular dysfunction, macroalbuminuria, peripheral arterial disease, stroke or transient ischaemic attack) were not excluded) or an angiotensin II-receptor blocker (ARB) who were unable or unwilling to stop the drug were excluded. Those taking an ACE inhibitor or ARB for these other conditions were required to stop treatment at least 4 weeks prior to participation. All NAVIGATOR participants provided written informed consent.
Cardiovascular endpoints
We focused on the prediction of two cardiovascular endpoints: (1) a composite cardiovascular outcome of cardiovascular mortality, non-fatal myocardial infarction or non-fatal stroke (this differs from the extended composite cardiovascular outcome used as the primary endpoint in the trial) and (2) cardiovascular death. Endpoints were adjudicated by an independent committee blinded to treatment allocation.
Statistical analysis
Continuous baseline variables were summarised as mean±SD, except where noted otherwise. Between groups, comparisons were performed using t tests for normally distributed data or non-parametric tests (Wilcoxon rank sum) otherwise. Categorical variables were summarised as counts and percentages and were compared using χ 2 tests or Fisher's exact test. Prognostic model building: Data from all NAVIGATOR participants were included to construct separate models for (1) the composite cardiovascular outcome and ARTICLE SUMMARY Strengths and limitations of this study ▪ NAVIGATOR was a prospective study that included over 9000 participants with biochemically confirmed IGT and accumulated a large number of cardiovascular endpoints. ▪ Participants in the study were well phenotyped at baseline in the study. ▪ The results from NAVIGATOR may not be applicable to all with IGT as participants were a high-risk population based on other cardiovascular risk factors.
(2) cardiovascular death. Thirty-eight candidate variables collected at baseline, consisting of demographics, clinical measurements, medical history, investigator reported ECG (normal, clinically insignificant abnormality or clinically significant abnormality) and laboratory results, were included (listed in table 1). Cox proportional hazard regression models were developed to evaluate the relationships between these candidate variables and both cardiovascular outcomes, and these were added to the model by forward selection at p<0.05. Missing data were handled by single and multiple imputation, which provided consistent results and single imputation is reported herein. Less than 3% of data were missing for all variables except for HbA1c where 15% were missing. Variables were checked for linearity and proportional hazards. Linear splines were used to account for non-linear relationships of relevant continuous variables with cardiovascular outcomes. The statistical strength of the contribution of each variable to prediction of the cardiovascular outcome was expressed as the p value corresponding to the Wald χ 2 statistic, a measure allowing direct comparison of the predictive information provided by each variable. In sensitivity analyses, study treatments (nateglinide and valsartan) were forced into the models for both endpoints. Models using only classical-risk factors from the Framingham equations (age, total cholesterol, high-density lipoprotein (HDL), systolic blood pressure (SBP), treatment for hypertension and smoking status) were also developed to allow comparison with the variable-rich models.
A calibration plot comparing predicted and observed risk of a cardiovascular event was generated to assess the risk distribution in the NAVIGATOR trial population.
Assessment of appropriateness of care
We aimed to assess whether participants at progressively higher risk of cardiovascular events were treated more intensively with risk-reducing agents. Participants were divided into those with and without cardiovascular disease at baseline. Those without baseline cardiovascular disease were further divided into low (<2.5% with the composite cardiovascular outcome per 5 years), intermediate (2.5-10% per 5 years) and high (>10% per 5 years) risk based on subsequent occurrence of cardiovascular events. Prescriptions of cardiovascular risk lowering medications at baseline were tabulated to allow direct comparison.
p Values <0.05 were considered statistically significant and all p values were two sided. Analyses were conducted using SAS V.9.2 software (Chicago, Illinois, USA). There are no additional data available.
RESULTS
Baseline results for the 9306 participants in NAVIGATOR are provided in table 1, divided into those who did and did not experience the composite cardiovascular outcome. Average age was 64 years, 6131 (66%) had no history of cardiovascular disease at baseline, and mean HbA1c was 5.8%. During median follow-up of 6.4 years, 639 (6.9%) experienced the composite cardiovascular outcome (event rate 5.9% (95% CI 5.4% to 6.4%) averaged over 5 years) and 244 (2.6%) participants died from cardiovascular causes (event rate 2.0 (95% CI 1.7 to 2.3) averaged over 5 years). When limited to the subgroup with no history of cardiovascular disease, 248 (4.0%) experienced a composite cardiovascular outcome event.
Risk factors independently associated with the composite cardiovascular outcome In the multivariable Cox model, history of coronary heart disease ( present in 28%) was the strongest predictor and was associated with a doubling of risk (see table 2 ). Male sex was associated with 89% increase in cardiovascular risk while older age was associated with 32% higher risk per decade. Other major predictors included current smoking status, physician-reported clinically significant abnormality on ECG, higher low-density lipoprotein (LDL) cholesterol, history of cerebrovascular disease and lower estimated glomerular filtration rate (eGFR). Other variables independently associated with cardiovascular events were history of peripheral arterial disease, history of pulmonary embolism or deep venous thrombosis, higher urine albumin-to-creatinine ratio (UACR), geographic area (Latin America vs North America), higher pulse pressure, history of chronic obstructive pulmonary disease (COPD), black race (vs all other races), history of heart failure, lower haemoglobin, lower serum sodium, higher waist circumference and atrial fibrillation. None of fasting plasma glucose, 2 h postchallenge glucose or HbA1c was independently associated with the composite cardiovascular outcome. The cstatistic for this variable-rich prognostic model was 0.74. When study treatments were forced into the model, neither displayed a significant association and the impact on the predictive capabilities of the other variables was negligible (data not shown). The c-statistic for a predictive model including only classical risk factors (age, total cholesterol, HDL-cholesterol, SBP, treatment for hypertension and smoking status) was 0.65.
Risk factors independently associated with cardiovascular death
Older age was the strongest predictor of cardiovascular death (77% higher risk per 10 years; see table 3). Both history of coronary heart disease and the presence of congestive heart failure ( present in 4% of participants) were associated with a doubling in risk. Other variables independently associated with cardiovascular death were geographical area (Latin America vs North America, Other vs North America), male sex, current smoking status, clinically significant or insignificant abnormalities on ECG, lower eGFR, higher UACR, history of cerebrovascular disease, atrial fibrillation, lower haemoglobin, history of COPD, peripheral arterial disease and history of renal dysfunction. The c-statistic for this variable-rich prognostic model was 0.82. When study treatments were forced into the model, neither displayed a significant association and the impact on the predictive capabilities of the other variables was negligible (data not shown). The c-statistic for a predictive model including only classical risk factors was 0.71.
Distribution of risk in the NAVIGATOR trial population
A calibration plot which allows comparison of the predicted and observed risk of experiencing a cardiovascular event is provided in online supplementary figure S1 . Approximately 37.5% of participants were at greater than 5% calculated risk of a cardiovascular event over 5 years, and 3.5% were at greater than 20% calculated risk of an event over 5 years. Although the model was developed for all NAVIGATOR participants, it could also be applied to those with no known cardiovascular disease, as indicated by the general lack of interaction for variables between those with and without cardiovascular disease at baseline (see online supplementary table S1) and by the good model calibration for the primary prevention group (see online supplementary figure S2 ).
Use of cardiovascular risk reducing agents according to calculated cardiovascular risk Baseline characteristics of NAVIGATOR participants divided into those with and without baseline cardiovascular disease, with the latter group split further into those at low, intermediate and high (>10%) calculated risk, are provided in the online supplementary table S2. There were significant differences between those without cardiovascular disease at high risk compared to those at low and intermediate risk as expected. Prescription of antihypertensive agents at baseline increased progressively from 63% in the low-risk primary prevention group to 86% in those with cardiovascular disease (see table 4 ). β-Blockers were used twice as commonly in patients with established cardiovascular disease as in the lowest risk category of those without. Similarly, ACE inhibitors were used relatively much more commonly in those with established cardiovascular disease than in low-risk patients without (although their overall use was low in absolute terms, possibly because of the trial exclusion criteria). Aspirin was used for secondary prevention in 69% of participants with cardiovascular disease whereas relatively few participants took aspirin for primary prevention. For secondary prevention 57% of participants were on lipid-lowering therapy. There was an inverse relationship between use of lipid-lowering therapy and calculated cardiovascular risk in the primary prevention cohort; 33%, 26% and 21% were on these agents in the low-risk, intermediate-risk and highrisk groups, respectively.
DISCUSSION
In this analysis of NAVIGATOR, a large randomised trial in subjects with IGT at an elevated risk of cardiovascular events, risk factors most strongly associated with future cardiovascular events largely reflected the same factors identified in general populations and in patients with diabetes. 1 2 5-8 However, neither fasting plasma glucose, 2 h postchallenge glucose nor HbA1c was independently associated with incident cardiovascular events. Approximately 40% of participants in NAVIGATOR were at greater than 5% 5-year risk. While treatment at baseline with antihypertensive agents and other risk-reducing drugs increased progressively with increasing predicted risk, the trend in use of lipid-lowering therapy was in the opposite direction (and use of this treatment and other preventive drug therapies such as aspirin therapy were relatively uncommon overall). This may indicate that physicians are unsure about how to risk-stratify patients with IGT and that a risk-stratification tool would be useful for this growing population's contribution to the overall burden of cardiovascular disease.
Several studies have estimated the increased cardiovascular risk of individuals with IGT, compared with 2 and data from the DECODE study showed a 34% increase in the risk of cardiovascular death in individuals with IGT after adjustment for established risk factors. 1 In NAVIGATOR participants, expected independent predictors of events included previous history of cardiovascular disease, male gender, older age, current smoker status, higher LDL cholesterol and higher pulse pressure. Regarding renal biomarkers, each of lower eGFR and higher UACR were also independently associated with cardiovascular events. We found a number of other variables to be predictive of cardiovascular events, including COPD, atrial fibrillation, lower haemoglobin and previous pulmonary embolism or deep venous thrombosis, some of which have also been associated with cardiovascular risk in diabetes populations. 8 A relationship between COPD and cardiovascular events has been reported previously 13 14 and, while this association is not fully explained, smoking is clearly a common risk factor. Atrial fibrillation has been shown to improve risk prediction in both general populations and in type 2 diabetes and has recently been incorporated into risk algorithms. 5 Anaemia has been associated with higher cardiovascular risk, particularly in patients with chronic kidney disease, but results have been mixed in studies of unselected populations. [15] [16] [17] [18] Survivors of hospital admissions for pulmonary embolism have been shown to have a substantial risk for subsequent cardiovascular death in cohort studies. 19 Participants from Latin America were also at particularly an elevated risk.
Studies of patients with diabetes and general populations have suggested that measures of glycaemia, especially higher HbA1c and postchallenge glucose, are associated with higher cardiovascular risk. 1 6 20 In our study, no measure of glycaemia (HbA1c, fasting plasma glucose, 2 h postchallenge glucose) was independently associated with or predictive of cardiovascular events. This may reflect the design of NAVIGATOR which specifically recruited individuals with IGT, with the result that the ranges of values for the three glycaemic variables were relatively narrow. This suggests that while identifying individuals with IGT may be of clinical value, refining risk prediction by further categorising according to measures of glycaemia is probably not clinically worthwhile. Interestingly, while higher pulse pressure was predictive of events, other related variables (systolic and diastolic blood pressure, hypertension and left ventricular hypertrophy) were not predictive. HDL cholesterol levels and heart rate also failed to improve prediction.
As expected, the proportion of individuals treated with antihypertensive therapies increased progressively according to calculated cardiovascular risk and was highest in those with known cardiovascular disease.
Recent meta-analyses have suggested that aspirin therapy is best targeted at those with established cardiovascular disease 21 and data for the NAVIGATOR participants largely reflected this. However, the use of lipid-lowering therapies for secondary prevention was relatively low (57%) which may reflect variations between participating countries in statin use, the fact that statin use at the start of NAVIGATOR was not as widespread as it is now, and the absence of data for cholesterol levels prior to the start of lipid-lowering therapies. In those with no history of cardiovascular disease, the use of lipid-lowering therapies was sparse in those at highest calculated risk (21%). This suggests that there is a need to better identify and/or treat those with IGT at highest risk, something that may be better achieved when considering classical cardiovascular risk factors as well as the many other risk factors identified here.
This study has a number of strengths and weaknesses. It is the first study to examine predictors of cardiovascular risk specifically in individuals with IGT on a large scale. Cardiovascular events were adjudicated independently. IGT was confirmed biochemically in a standardised manner though only a single OGTT was performed at baseline. However, NAVIGATOR participants either had a history of cardiovascular disease or were at high risk and so these data may not be directly applicable to all individuals with IGT. We also examined a composite cardiovascular endpoint and study of specific cardiovascular endpoints may have provided additional information, although statistical power would be limited. There were relatively few cardiovascular deaths with the result that applying a predictive model with many variables had the potential of over-fitting the model. Finally, we were not able to validate our results by comparison with participants from a separate study.
In summary, the most powerful independent predictors of cardiovascular events in a trial population with IGT at high cardiovascular risk included classical risk factors as well as other factors such as reduced glomerular filtration rate, higher urine albumin excretion and pre-existing thromboembolic disease, atrial fibrillation, heart failure and chronic obstructive pulmonary disease. Prognostic models showed that consideration of these variables would allow effective identification of high-risk individuals with IGT. However, measures of glycaemia were not independently associated with cardiovascular events. Finally, our data identify a need to better identify patients with IGT at high-cardiovascular risk to facilitate more aggressive management with statins and other cardiovascular risk-reducing agents.
